Objective: Postoperative cognitive dysfunction (POCD) is common after surgery in elderly patients and is associated with high morbidity. The molecular mechanisms responsible for POCD are unknown. Minocycline, an inhibitor of microglial activation, may be useful in treating and preventing POCD. We explored whether minocycline can inhibit microglial activation and prevent POCD in aged rats as a surgery model. Methods: Rats aged 18 to 20 months were randomly allocated to the following groups: naïve, abdominal surgery alone, or minocycline injection before abdominal surgery. Hippocampal cytokine mRNA levels were measured at 3 hours, 1 day, 3 days, and 7 days after surgery, and microglial activation was measured at 3 hours and 7 days after surgery. Memory was assessed using the Morris water maze test. Results: Surgery resulted in severe cognitive impairment in aged rats and induced a significant neuroinflammatory response and microglial activation. The use of minocycline can prevent microglial activation after surgery, but delayed microglial activation may occur. The use of minocycline may further impair memory after surgery.
Introduction
After surgery, aged patients often develop postoperative cognitive dysfunction (POCD), which can persist long after physical recovery. Many risk factors may exist for POCD, but age is certainly a major risk factor. 1 According to the International Study of Post-Operative Cognitive Dysfunction, 2 the prevalence of POCD in patients aged >60 years is 25.8% at 1 week after surgery. Cognitive dysfunction after noncardiac surgery is associated with increased mortality, a risk of leaving the labor market prematurely, and dependency on social transfer payment. 3 The molecular mechanisms responsible for POCD are unknown. The central inflammatory response, especially increased cytokines in the hippocampus, may be involved in the pathogenesis of many neurologic disorders. [4] [5] [6] [7] The central inflammatory response has also been reported in a rat model of surgery. 8, 9 Microglia are the resident innate immune cells in the central nervous system. When active, they can produce proinflammatory cytokine factors [such as interleukin (IL)-1b and tumor necrosis factor-a (TNF-a)] that are toxic to neurons. Microglial activation has also been reported in a rat model of POCD. 10 Minocycline, a tetracycline derivative that can restrain microglial activity, is an established anti-inflammatory drug. This drug can cross the blood-brain barrier and improve the symptoms of neurodegenerative diseases such as Alzheimer's disease, Huntington's disease, and Down syndrome. 11, 12 Previous research has suggested that minocycline may be useful to treat or prevent POCD after surgery in elderly patients. 1 Therefore, in this study, we used the Morris water maze (MWM) test to assess rats' cognitive function and examined whether minocycline can reduce microglial activity.
Method

Experimental protocol
During the first experiment, we examined the effects of the surgical procedure and minocycline injection before surgery on proinflammatory cytokine mRNA expression and microglial activation in the hippocampus. Aged rats were divided into 3 experimental groups of 48 rats each: rats that underwent surgery alone, rats that received minocycline [45 mg/kg body weight (BW)] intraperitoneally 10 min before surgery, and rats that were intraperitoneally injected with sterile saline to control for the potential effects of handling and injection stress. The rats in each group were killed by carbon dioxide asphyxiation 3 hours, 1 day, 3 days, and 7 days after treatment (n ¼ 12 per time point). The proinflammatory cytokine mRNA expression and microglial activation in the hippocampus were determined using real-time polymerase chain reaction (PCR) or immunohistochemistry.
Next, the effects of surgery and preoperative minocycline injection on the cognitive function of the aged rats were determined by the MWM test. The rats were divided into three experimental groups of 12 rats each: rats that underwent surgery alone, rats that received minocycline (45 mg/kg BW) intraperitoneally 10 min before surgery, and rats that were intraperitoneally injected with sterile saline to control for the potential effects of handling and injection stress. All rats were submitted to the MWM test from 1 to 7 days after surgery. The first 3 days were considered training, and the following 4 days were considered testing.
Animals
Aged (18-19 months old) Sprague-Dawley male rats were housed in a temperaturecontrolled room (20 C-23 C) on a 12-hour light and 12-hour dark cycle with ad libitum access to food and water. All rats were allowed to adapt to their environment for 7 to 10 days before experimentation. All experimental procedures were performed in accordance with the Declaration of the National Institutes of Health Guide for Care and Use of Laboratory Animals. This study was approved by the Ethical Committee of the University of Electronic Science and Technology of China.
Surgical procedure
The rats were deeply anesthetized using intraperitoneal chloral hydrate (3 mg/ 10 g BW). After shaving and sterilizing the surgical site, a 0.5-cm incision was made through the skin and muscle wall of the ventral midline. A sterile probe was then inserted into the body cavity to gently manipulate the internal organs for 1 min, and the body cavity was probed again after 10 min. The animals were probed a total of three times. The surgery lasted 40 min. Three dissolvable sutures were used to close the muscle wall, and four silk thread sutures were used to close the skin. The animals that received postoperative analgesics were injected subcutaneously with buprenorphine (1.0 mg/10 g BW) upon recovery from anesthesia. The animals in the minocycline group received intraperitoneal minocycline (45 mg/kg BW) 10 min before surgery. The animals in the control group received saline to control for the effects of injection stress.
Spatial working memory: MWM
The symptoms of POCD are similar to those of Alzheimer's disease and mainly involve anterograde amnesia. 13 To test cognitive function, the rats were submitted to the MWM beginning on postoperative day 1 and ending on postoperative day 7.
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The first 3 days were considered training, and the following 4 days were considered testing. The MWM is a 1.5-m-diameter black pool filled with water (26 C) and containing a fixed submerged platform in one quadrant with various visual clues on the surrounding walls. This test has two sections as described below.
Place navigation test. The place navigation test (PNT) was performed to measure the time required for the rat to locate the hidden platform after having been placed in the pool (defined as the latency). The animals underwent daily testing with four trials per day during the testing period. At each trial, the animals were placed in the pool in different randomly assigned quadrants. If they were unable to find the platform, the maximum swimming time in the pool was limited to 60 s. After the animal had stayed on the platform for 4 s, it was removed from the pool and allowed to rest for 30 min before the next quadrant training.
Spatial probe test. The spatial probe test (SPT) was performed to evaluate the rats' memory on postoperative day 7. In this test, the platform was moved while all distal visual cues remained the same. The number of times that the rat passed the previous platform location was calculated. The number of times that the rat passed the previous location of the platform was positively associated with the rat's memory.
mRNA expression of hippocampal tissue as measured by quantitative real-time PCR
Total RNA was extracted by homogenization of 200-mg hippocampal tissue samples according to the manufacturer's instructions for the Trizol Reagent (Invitrogen, Carlsbad, CA, USA). Briefly, the RNA samples were mixed with RNase-free water and cDNA Wipeout Buffer and incubated at 42 C for 2 min. Quantiscript RT Buffer, Quantiscript Reverse Transcriptase, and RT Primer Mix (Qiagen, Hilden, Germany) were added to the samples, which were then incubated at 42 C for 15 min followed by incubation at 95 C for 3 min to inactivate the Quantiscript Reverse Transcriptase. The Assays-on-Demand TM Gene Expression Protocol (Applied Biosystems; Foster, CA, USA) was applied to perform quantitative real-time PCR. Briefly, PCR was performed to amplify the cDNA. A target cDNA (IL-1b, Mm00434228_ml; TNF-a, m00443258_ml) and a reference cDNA (glucose-3 phosphate dehydrogenase, Mn99999915_gl) were simultaneously amplified through an oligonucleotide probe with a 3 0 nonfluorescent quencher dye and a 5 0 fluorescent reporter dye (6-carboxyfluorescein). The PCR reactions were conducted under the following conditions: 50 C for 2 min, 95 C for 10 min, 40 cycles of 95 C for 15 s, and 60 C for 1 min. The fluorescence was determined on an ABI PRISM 7900HT-sequence detection system (Perkin Elmer, Forest City, CA, USA). The comparative threshold cycle method was used to analyze the data, and the results are expressed as the fold change.
Immunohistochemistry
Tissue sections (8 mm) were paraffinized, rehydrated, incubated with 3% hydrogen peroxide in methanol at room temperature for 10 min to block endogenous peroxidase, washed with phosphate-buffered saline three times, and blocked in 1% normal goat serum at room temperature for 30 min. The primary antibody was the mouse anti-rat CD11b antibody (1:50; Santa Cruz Biotechnology, Dallas, TX, USA). Incubation with the primary antibody was carried out at 4 C overnight, followed by rinsing several times. A goat anti-rat antibody (1:200; BosterBio, Pleasanton, CA, USA) was used as the secondary antibody, and incubation was performed at 37 C for 30 min. The diaminobenzidine method was used to visualize the reaction product after thorough washing. The sections were counterstained with hematoxylin, dehydrated, and mounted. Samples in the control group were prepared in parallel, which omitted the primary antibody. Every fifth section was chosen, and 5 to 10 sections were generated per reference space in a systematic random manner. For quantification, the positive cells in three of the randomly selected fields of the hippocampus were estimated through the mean integrated optical density, which was counted at 400Â magnification. The MetaMorph software system (Molecular Devices, Sunnyvale, CA, USA) was applied for image analysis.
Statistical analysis
The cytokine expression data obtained from real-time PCR and the microglia activation data were assessed with two-way analysis of variance (ANOVA), in which the treatment was the dependent variable. For the MWM test, the mean was calculated for each test session, and the behavioral data were analyzed by repeated-measures ANOVA for group comparison during acquisition training (days 4-6). A separate two-way ANOVA was applied to evaluate the effects of treatment on the MWM performance during reversal testing (day 7). If the ANOVA indicated an interaction or significant main effect between the main factors, a post hoc Student's t-test using Fisher's least significant differences was applied to determine whether a significant difference was present in the treatment means among the groups (P < 0.05). All data are presented as mean AE standard error of the mean.
Results
Effects of preoperative treatment with minocycline on expression of IL-1b and TNF-a mRNA in the hippocampus
We sought to determine whether surgery induces cytokine production postoperatively and whether the use of minocycline can reduce cytokine production in the hippocampus. Hippocampal IL-1b and TNF-a mRNA levels were measured at 3 hours, 1 day, 3 days, and 7 days after surgery. Surgery induced significant upregulation of IL-1b and TNF-a mRNA at 3 hours in aged rats (P < 0.05) compared with naı¨ve rats. Minocycline prevented postoperative upregulation of IL-1b and TNF-a mRNA, but the levels of these mRNAs were elevated again at 7 days after surgery (P < 0.05) (Figure 1 ).
Surgery induces microglial activation in the hippocampus
We sought to determine whether surgery induces microglial activation in the hippocampus postoperatively and whether the use of minocycline can reduce microglial activation in the hippocampus. The rats' fixed brains were collected for immunohistochemical staining of CD11b and scored as described above at 3 hours and 7 days after surgery. Surgery induced significant morphological changes in microglial reactivity at 3 hours in aged rats compared with naı¨ve rats (P < 0.05). The surgery-induced microglial activation was still higher than that at baseline in the aged rats at day 7 (P < 0.05). Minocycline prevented microglial activation at 3 hours postoperatively (P < 0.05), but it induced higher microglial activation than surgery alone at 7 days postoperatively (P < 0.05) (Figure 2 ).
Spatial working memory: MWM
PNT. Repeat-measure ANOVA revealed a main effect of surgery for latency during the acquisition phase, indicating that the spatial memory in aged rats was impaired after surgery. The aged rats swam further and longer to locate the platform during the acquisition phase (P < 0.05) (Figure 3(a) ). The reduced performance of aged rats did not appear to be due to a lack of general motor ability or motivation because the swim speed did not significantly differ across the test sessions of the acquisition phase (Figure 3(b) ). We administered minocycline before surgery to determine whether minocycline could reduce the rats' surgery-induced memory impairment. We found that the use of minocycline prolonged the latency (P < 0.05) (Figure 3(a) ), indicating that the use of minocycline further impaired the rats' memory.
SPT. A separate two-way ANOVA was performed to examine the effects of treatment on working memory performance during the SPT. Analysis of the swim data revealed a significant main effect of surgery on the number of times that the aged rats passed the platform (P < 0.05) (Figure 3(c) ). The results indicated that surgery impaired the rats' memory. The reduced performance of the aged rats did not appear to be caused by a lack of general motor ability or motivation because the swim speed did not significantly differ by age across the test sessions during the acquisition phase (Figure 3(d) ).
As mentioned above, we administered minocycline before surgery to determine whether minocycline could reduce the rats' surgery-induced memory impairment. We found that the use of minocycline reduced the number of times that the aged rats passed the platform after surgery (P < 0.05) (Figure 3(c) ), indicating that the use of minocycline further impaired the rats' memory.
Discussion
This study has shown that abdominal surgery can cause microglial activation in aged rats, trigger the central inflammatory response, and damage rat memory but that the use of minocycline cannot reduce this damage.
Age, surgical trauma, and anesthesia may be associated with postoperative cognitive impairment. Previous studies performed in several laboratories, 10, 15 including ours, have suggested that surgical trauma, rather than anesthesia, results in cognitive function impairment potentiated by aging in the MWM test. Although we cannot rule out the role of blood pressure or blood gases, neither reduced blood pressure nor oxygenation are associated with POCD. 1 It is generally accepted that various stress factors such as perioperative surgery and environmental stimulation lead to the occurrence of POCD, not just a single factor such as anesthesia or surgery. Therefore, in the present experiment, we simulated the stress response during the anesthesia process. The aged rats were subjected to exploratory laparotomy, which induces moderate surgical trauma.
Three days after this surgery, the rats showed memory impairment. This study also showed that surgery causes central microglial activation and a central inflammatory response in elderly rats. Microglia are central inflammatory cells that play a dual role in the stress response. Moderate expression of microglia can resist the inflammatory response, but their overexpression may aggravate the inflammatory response and further damage tissues. 16 Overexpression of central inflammatory factors can damage the body's memory. [17] [18] [19] We found that surgery can induce an inflammatory response in the central nervous system in elderly rats but can also damage their memory, suggesting that this phenomenon may be associated with overexpression of the central inflammatory response. In normal brains, microglia remain in a resting state and are activated when traumatic stress occurs. 20 Activated microglia can release a large number of inflammatory factors, triggering a central inflammatory response, while the central inflammatory response further activates microglia. Microglia can release both anti-inflammatory and proinflammatory cytokines, playing a dual role. 20, 21 However, central inflammatory factors can also be derived from the periphery. 22 Whether the inflammatory factors that initially activate the central inflammatory response pathway are from the periphery, the center, or both remains unclear. Henry et al. 23 found that the microglial activation marker major histocompatibility complex (MHC) type II increased with age, while lipopolysaccharide can cause MHClabeled microglia to release IL-1b in large quantities. Thus, they suggested that increased expression of age-related microglia was an important cause of a central inflammatory response induced by hyperglycemia. Control of microglial activation has thus become a hot topic in the field of senile dementia, POCD, and other agerelated diseases. In the present study, we found obvious postoperative microglial activation in rats. Using a high dose of minocycline could inhibit early microglial activation, but we found that rebound activation was present in a large number of microglia on postoperative day 7. This phenomenon may have been related to further decline of the rats' memory after using minocycline compared with the rats not treated with minocycline.
We detected two proinflammatory factors, IL-1b and TNF-a, and both were upregulated. IL-1b was previously shown to contribute to regulation of memory processes, 24 and IL-1b upregulation can impair memory. 25 Surgical trauma resulted in an exaggerated neuroinflammatory response, especially the upregulation of IL-1b in the hippocampus, and this may have accounted for the greater cognitive impairment in aged rats. TNF-a is also upregulated in many nervous system diseases, such as Alzheimer's disease. 26 In the present study, we found that the expression of IL-1b and TNF-a in rats was significantly higher after the operation. Although the expression of these proinflammatory factors was decreased in the early stage in rats treated with minocycline, expression was increased on day 7. Because central inflammatory cytokines are mainly derived from microglia, we speculate that this phenomenon is associated with decreased microglial expression followed by increased expression.
In this study, we used minocycline to reduce microglial activation during surgery, but we found that the use of minocycline did not improve the rats' memory in the MWM test. Furthermore, while the use of minocycline did reduce microglial activation and the neuroinflammatory response early after surgery, by 7 days after surgery microglial activation was detected in rats that had received minocycline. This may be why minocycline did not improve the rats' memory after surgery. However, the mechanism by which microglia are reactivated after inhibition of their activation is unclear. Importantly, the main limitation of this study is that we only used one dose of minocycline. Other doses of the drug should be further studied. Whether minocycline can be used to prevent POCD and determination of its safe range and optimal application method remain to be extensively studied before clinical use.
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